The ability to slow down the propagation speed of light is one of the active research fields nowadays. Research studies on slow light have profound implications in many applications, such as delay lines, interferometers, and buffers.
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As we know, natural materials are characterized by the refractive index which increases nonlinearly with the frequency. Any single electromagnetic ͑EM͒ pulse, therefore, consists of different frequency components of EM waves traveling at different phase velocities. The net result is that the pulse is distorted, which would lead to transmission errors. Therefore, an ideal slow-light medium will not only slow down the pulse but also minimize the pulse distortion, i.e., low group velocity dispersion ͑GVD͒. Previous methods to slow down and even completely stop the pulses have been accomplished by converting optical signals into electronic coherences. [4] [5] [6] [7] Recently, some waveguide resonators have been introduced to realize slow light. For example, several groups [8] [9] [10] have reduced the group velocity ͑GV͒ to zero by using a photonic crystal waveguide. Yariv et al. 11 have theoretically proposed a coupled-resonator optical waveguide and then realized it experimentally. 2, 3 Most recently, the idea on slow light is extended to waveguide consisting of the left-handed metamaterials ͑LHMs͒. 12 The unique property of the LHM is that it can support propagating wave with the power flowing opposite to the wavevector. Another remarkable benefit of metamaterial is that its effective parameters can be engineered artificially. This will allow more freedom in the manipulation of EM wave. One of the most prominent cases is that one can utilize metamaterials to accomplish the invisible cloak by tuning the effective permittivity and permeability in the range between 0 and 1. 13 In this letter, a sandwich structure consisting of epsilonnegative/left-handed/ epsilon-negative ͑ELE͒ metamaterials is studied. It is found that the GV can be zero in the structure. Moreover, the GVD is ultralow so that the pulse distortion is minimized in the slow-light regime.
The geometry of the system is symmetric. The core ͑de-noted by "2"͒ is a LHM ͑ 2 , 2 Ͻ 0͒ with the thickness of 2d, while the claddings ͑denoted by "1"͒ are epsilon-negative material ͑ENG͒ ͑ 1 Ͻ 0, 1 Ͼ 0͒. We use the Drude model to describe these isotropic materials,
where 0j ͑ 0j ͒ and ep,j ͑ mp,j ͒ are the effective static electric ͑magnetic͒ constants and the effective electric ͑magnetic͒ plasma frequencies, respectively. In this letter, we choose 0j = 0j = 2.828, ep,j 2 = mp,2 2 = 428.8 GHz 2 , and mp,1 2 = 73.6 GHz 2 , which can be realized in artificial designed transmission lines. [14] [15] [16] It is clearly shown in Fig. 1 that 1 , 2 , and 2 are equally dependent on the frequency. As the frequency range of ENG in material 1 is from 0.812 to 1.96 GHz and LHM in material 2 is below 1.96 GHz, the frequency range from 0.812 to 1.96 GHz is of our interest.
In ELE waveguide, the EM wave propagates in the LHM and decays exponentially in the ENG. The waveguide always supports two kinds of guided modes ͓symmetrical ͑S͒ and antisymmetrical ͑AS͒ modes͔. For the antisymmetrical transverse electric ͑ASTE͒ mode, the fields have the forms of 
where
␤ is the z component of wavevector, and c are the angular frequency and light speed in the vacuum, and A and B are the connected coefficients. The power flows are written as
By using Eq. ͑4͒, the directions of power flow in the ASTE mode are investigated. Note that the discussions below also apply to the STE modes. Since 1 Ͼ 0, the power flow inside the claddings is always positive. On the other hand, since 2 Ͻ 0, the power flow inside the core is negative, opposite to the phase velocity. Meanwhile, with the absent of absorption loss, the GV is equivalent to the energy velocity that is defined as P tot / V tot ͑P tot and V tot are the total power flow and total energy density, respectively͒. As a result, the power flows between the LHM and the ENG cancel out each other; the total power flow and the GV thus become zero. Figure 2 illustrates the distribution of EM fields and Poynting vectors at v g = 0 in the ASTE1 mode. The number followed ASTE stands for the node͑s͒ of EM field patterns in the core. Although the electric field E y is continuous at the interface ͓Fig. 2͑a͔͒, the z component of the Poynting vector S z is discontinuous ͓Fig. 2͑b͔͒, which is negative in the core while positive in the claddings. The integrals of S z in the x direction cancel each other. Figure 2͑c͒ exhibits the vector plot of the magnetic fields. It is clearly shown that the fields form vortices at the interfaces, which freeze the energy completely and lead to zero GV. We note that these vortex modes are similar to the previous findings. 17, 18 We also note that the single-mode ELE waveguide can be designed according to the single-mode condition
Given the dispersion and the ratio of power flows between the core and the claddings, there exists the following equation if zero GV is present;
. ͑5͒ Figure 3 shows two kinds of relationships in the first three ASTE modes at zero GV: one is the thickness versus frequency and another is the propagating constant versus frequency. It can be seen that the waveguide thicknesses are subwavelength and increase monotonously with the frequency. Second, the relationship between the propagating constant and the frequency decreases linearly in the ASTE1 mode, while it is parabolalike in the high-order modes. Furthermore, there exists a thickness range where zero GV is present. For the transverse magnetic ͑TM͒ mode, the power flow expressions have the same forms as in Eq. ͑4͒ except j ↔ j . However, since 1 = 2 Ͻ 0, the power flows in all layers are always negative, leading to the absence of zero GV in ELE sandwich.
We then investigate the GVD that is defined as D = ͑ 2 /2c͒͑1/v g 3 ͒͑‫ץ‬v g / ‫.͒␤ץ‬ Figure 4 shows the case for the ASTE3 mode. It can be seen that zero GV appears at 0.8758 GHz ͑c␤ /2 = 1.05͒. When the frequency is less than 0.875 GHz ͑c␤ /2 Ͼ 1.5͒, the GV is negative and the GVD is almost a constant close to zero ͑solid line͒. It indicates that if the pulse within this frequency range propagates along the waveguide, not only it can travel slowly but also it can maintain the wave-packet shape. There is another low GVD regime when the GV is positive ͑dash line͒. Obviously, the desirable propagation regime is the former since it has larger bandwidth. The relationship between the average of GV and the waveguide thickness in the lower order modes for both polarizations is shown in Fig. 5 ͑the GVD is smaller than 1 ps/ nm mm͒. It is found that the GV of TE mode is much smaller than that of TM mode. Furthermore, by varying waveguide thickness, we can manipulate the pulse velocity in the slow-light regime while simultaneously minimizing the pulse distortion.
We note that there exist intrinsic losses in materials. In order to investigate the losses, we resolved the dispersion using the complex materials' effective parameters. In this way, the complex eigenfrequency in the complex plane can be searched for a given real propagating constant number. Those modes with small enough ratio Q between the imaginary to the real part are of our interest. According to Ref. 13 , the permittivity and permeability loss tangent of the LHM are 0.03 and 0.009, respectively. As a result, we find that the ratio Q in the ASTE3 mode is less than 1%, which indicates that the losses are small and negligible.
In conclusion, we have found an ELE sandwich structure possessing absolute zero GV. The GVD is ultralow in the slow-light regime. The stop of light and slow light appear because the power flows of vortex guided modes can be cancelled almost totally between the core and the claddings. This structure is an important candidate for the control of EM wave velocity and may be realized using appropriate optical metamaterials in the optical regimes. 19, 20 
